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Abstract: Moisture barrier films are deposited on a polymer foil by roll-to-roll Atmospheric
Pressure Plasma Enhanced CVD reactor using a N2, O2, TEOS gas mixture. The film
microstructure and permeation properties are studied as a function of the carrier gas flow rate
with both static and dynamic film transport. The microstructure is analyzed by spatially
resolved attenuated total reflectance (ATR)-FTIR and correlated with the vertical density
gradient obtained in the dynamic films and the moisture barrier performance. It is shown that
by varying the carrier gas flow rate the vertical density gradient, or the network porosity, can
be tuned by governing the convective transport inside the reactor consequently densifying the
inorganic film at fixed energy cost (i.e. Yasuda parameter) of the process. Moreover, adopting
the bilayer architecture allows to achieve the same moisture barrier properties of 2 · 10-3 g·m2
·day-1 (40 °C, 90% RH) at only half the film thickness of a single layer barrier films, which
consequently leads to a throughput increase of almost two times.
Keywords: atmospheric pressure PECVD, vertical chemical gradient, non-uniform deposition
rate, silica barrier film
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1. Introduction
The dielectric barrier discharge (DBD) reactor type, widely employed in surface treatment
applications [1] is nowadays subject of intense research for the synthesis of functional thin films
either in a plane parallel and in a cylindrical electrode geometry [2–9]. In the DBD reactor with
the gas mixture injected parallel to the electrodes and operating in precursor deficiency regime,
the precursor depletion results in a non-uniform deposition rate profile along the gas flow [10],
[11]. The chemical composition and density of the layer depends on the local flux of reactive
species arriving at the surface. Thus, the properties of the thin films deposited, depend on the
exact growth location in the reactor. Therefore, deposition on the moving web produces a
vertical gradient (in depth profile in the direction of film growth) in the film properties, which
is of interest for numerous thin film applications. For example, in gradient layers combining
stress relaxation properties to bridge the difference in density between the organic and inorganic
material (providing excellent adhesion to the substrate) with tailored surface properties [11,12].
The tailored surface can be either highly hydrophilic and possess adhesive properties with
specific chemical reactive sites, or can be repellent to liquids with hydrophobic or oleophobic
properties [13,14]. In addition, the vertical variation in the film properties can be exploited in
anti-reflection coatings [15] by creating a gradient in the refractive index, in membrane layers
by producing a gradient in the size and inter-connectivity of the porosity or in films with a
gradient in the chemical composition for the synthesis of ultra-low moisture barrier films
[6,16,17]. In other applications the vertical gradient properties can be highly undesirable, for
example, in silicon microstructures used for electronic devices demanding uniform electrical
properties [3].
In the present work we concentrate on dense silica-like films deposited on a polymer substrate
by a roll-to-roll atmospheric pressure plasma enhanced chemical vapor deposition (APPECVD) which despite the intrinsic vertical gradient properties possess a significantly reduced
oxygen and water permeation function. These functional foils can therefore be used for the
protection of electronic components such as flexible solar cells, optical components like
quantum dots or in food and medical packaging applications [18–27]. Effective water vapor
transmission rate (WVTR) measurements showed that rates as low as 6.9 · 10−4 g·m−2·day−1 (at
40 °C, 90% RH) can be achieved using a bilayer film architecture [28].
In a recent study [11] the gradient film properties of films deposited on static substrate in an
AP-PECVD reactor were investigated using spatially resolved ATR-FITR analysis. As ATRFTIR has proved to be a valuable technique to study the intrinsic microstructure of amorphous
silica films, with a focus on the relative content of hydroxyl (-OH) impurities [5, 6, 29-32]. A
clear variation in the film microstructure has been observed within the discharge region. A
higher network porosity was observed for a short gas residence time and high precursor partial
pressure, while denser layers were deposited in the region with a longer gas residence time and
low precursor partial pressure. The network porosity in silica-like films is correlated with the
presence of hydroxyl groups in the network structure [6, 29-33]. This observation is particularly
relevant for the moisture barrier film, because within the discharge region these variable film
properties translate into a vertical porosity gradient when the silica films are (dynamically)
deposited on a moving substrate. This could provide a means to control the in depth properties
of the layers, such as the network porosity [29–33], which has a direct correlation with the
moisture barrier properties of the films. Thus, it was demonstrated that the dynamically
deposited films are characterized by a vertical gradient in the microstructure, having depth
dependent mechanical and moisture barrier properties. The previous study [11] argued that for
a single layer moisture barrier with a thickness of about 50 nm, only the top part of the layer of
approximately 10-15 nm of silica is significantly contributing to the barrier properties whereas
the underlying silica of 35-40 nm provides adhesion to the polymer and assures stress relaxation
between the polymer and the dense silica barrier film. From a practical point of view this
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provides new insight in the possibility to scale the reactor throughput and to increase the
production of high quality barrier film. Considering that the energy delivered per precursor
molecule [5] should remain constant (in analogy to the similarity defined by the Yasuda
parameter [34]), an increase in the throughput means an increase in reactive gas flow rates with
proportional increase in power dissipated in the plasma. However, in practice this
straightforward approach has limitations such as the dependency of the DBD regime on the
dissipated power density, thermal sensitivity of the polymeric substrates and a limited length of
the reactive plasma zone. At the same time both the dynamic deposition rate and specific energy
spent per precursor molecule, as discussed in [5], represents averaged values in the PECVD
reactor. Hence, the local deposition rate as well as the local plasma chemical kinetics
significantly varies along the gas flow direction due to the precursor depletion. It was earlier
suggested by Starostin et al. [35] that the scaling of the AP-PECVD reactor throughput for a
moisture barrier layer strongly depends on the non-uniform deposition rate profile along the gas
flow. As the active plasma region is rather limited and only a small portion of the total film
thickness is contributing to the barrier film functionality, a more uniform deposition rate profile
may thus increase the portion of the silica film that contributes to the barrier properties.
The question addressed is, how the vertical gradient in the film properties can be exploited to
reduce the network porosity and improve the SiO2 barrier film properties. In this context, the
present work is a step forward in tailoring the network porosity in the films by varying the
carrier gas flow meaning controlling the convective transport of precursor fragments while
keeping fixed energy cost of the process. A comprehensive analysis is carried out of how the
gradient in the silanol concentration, induced by changing the carrier gas flow rate, is related to
the moisture barrier films. In addition the role of the gas flow rate on the moisture barrier
performance in a single and a bilayer architecture [22–26,36–38] is systematically investigated.
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2. Experimental Section
The experimental roll-to-roll reactor for thin film deposition was already described in detail
elsewhere [5]. In brief, the system consisted of cylindrical electrodes in a bi-axial geometry, a
gas injector and an independent foil transport system. The dielectric barrier discharge was
ignited between the two metal rotary drum electrodes with radii of 120 mm. Both electrodes
were covered by dielectric foils. On the bottom electrode polyethylene-2,6-naphthalate (PEN)
foil was used and a sacrificial foil (ASTERATM Functional Foils, AGFA Polyethylene
terephthalate) was used for the top electrode. The PET was transported at a constant line speed
of 50 mm∙min-1. The discharge was sustained by applying an AC high voltage of approximately
2-3 kV in a frequency range between 180 and 215 kHz. The experimental conditions were
selected based on our previous work [5], i.e. dynamically deposited 100 nm thick silica films
having a WVTR of 2 · 10-3 g·m-2·day-1 at 40 °C, 90% RH. The dissipated power in the discharge
was 575 W, as calculated from the current voltage characteristic [5], corresponding to an
approximate power density of 19.2 W·cm-2 (taking a characteristic discharge expansion length
of 20 mm for the described experimental conditions). The discharge width was 15 cm and the
smallest gaseous gap was 0.5 mm. Oxygen was used as an oxidizer and argon as an inert mixing
gas to carry the precursor vapor in the controlled evaporation mixer unit. Nitrogen was used as
the carrier gas and the flow rate (Q) was varied between 5 to 40 slm meanwhile oxygen and
tetraethylorthosilicate (TEOS) precursor for the silica layers were kept constant at flow rates of
0.5 slm and 1.8 · 10-3 slm, respectively. The nitrogen flow rate of 18 slm was used as a reference
condition for direct comparison with the previous study [11], [5].
Two types of deposition modes were utilized in this work. The ‘static mode’ without foil
transport and deposition took place just in the discharge region, and the ‘dynamic mode’ when
the foil was transported in the same direction as the gas flow and a uniform film thickness was
deposited. The static films were deposited for 60 s on a silica buffer layer which served as a
protective layer to prevent any plasma interaction with the bare PEN foil [4]. The silica buffer
was deposited at a precursor flow of 8.2 · 10-3 slm and a web speed of 800 and 400 mm·min-1,
to prepare a thin protective layer of 20 and 40 nm [11,39]. For the WVTR measurements two
types of dynamic films were deposited single barrier films and bilayer barrier films. The web
speed for the single films was 60 mm∙min-1 and for the bilayer films 110 mm∙min-1, aiming for
a film thickness of 80 and 40 nm, respectively. Hence, the bilayer architecture of the film
comprised of a 40 nm buffer layer and a 40 nm silica barrier film to exclude thickness effects
when the WVTR is compared. A schematic architecture of the single barrier films and bilayer
films is shown in Fig. 1.

Fig. 1 A schematic representation of the silica-like layer in the single and bilayer architecture

The film thickness of SiO2 profiles was measured using a focused beam spectroscopic
ellipsometry (SE) (M-2000D, J.A. Woollam Inc.) in the wavelength range of 245–1000 nm
with 120 µm spot size of the beam. The SE was equipped with a translation table which allowed
space resolved measurement of the static samples in the range of -20 mm to 20 mm over 641
points with a step of 0.1 mm. To describe the PEN substrate and the silica-like film a Cauchy
dispersion function was applied for both materials. The substrate anisotropy was not
implemented into the model [40], however the sample orientation was kept the same for each
measurement.
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To clarify the role of the local deposition rate on the film morphology spatially resolved
Attenuated Total Reflectance (ATR)-FTIR was performed on the statically deposited silica-like
films. The IR absorption spectra were acquired over 8 scans from 650 to 4000 cm-1 using the
Perkin Elmer Frontier (Frontier FT-IR/FIR Spectrometer, PerkinElmer; Frontier UATR Ge/Ge,
PerkinElmer). This set-up utilized a Ge crystal with a 45° face angle and one internal reflection.
The spatial resolution of the crystal is 1 mm. Deconvolution of all spectral peaks was carried
out (Peak Analyzer – Fit Peaks (Pro), OriginPro 9.1) in order to determine absorbance intensity
of each individual contribution. The detailed ATR-FTIR analysis was described elsewhere [11].
A Mocon Aquatran Model 1 was used to measure the overall Water Vapor Permeation Rate
(WVTR) with set conditions of 40oC, 90% RH. The minimum detection limit of this system is
5×10-4 g·m-2·day-1 and the sample area is 50 cm2. The WVTR was recorded after the value
reached equilibrium with an average measurement time of 71 hours.
The macro defects such as pinholes were resolved in the dynamic series for the single layer and
bilayer films by means of the solvent vapor exposure test. In this test the silica films were
exposed to a solvent vapor and in the case of pinhole defects locally enhanced diffusion of the
vapor induces a local swelling of the PEN leading to the formation of blisters [41]. The exposure
time was kept at 5 hours for all the samples. Interferometric microscopy (IM) (Wyko NT9100
Optical Profiling System, Veeco Instruments Inc.) was then carried out on the films postexposure to detect for the presence of blisters and hence for macro-defects in the silica-like
films. The IM measurement was performed in phase-shift interferometry mode, analyzing an
area of 47×63 μm2. Micrographs were then processed and stitched to form images with areas
of 25 mm2 using the Wyko Vision software. In total, an area of 250 mm2 was evaluated, for
each sample and based on this area the defect density was determined.
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3. Results and discussion
3.1 Static profile analysis
A systematic analysis of the static films over a wide range of nitrogen carrier gas flow rates (5
to 40 slm) is carried out. With a gas flow rate of (Q) 5 slm the discharge is visually unstable
which is also reflected in variation of the voltage current measurements. At higher gas flows,
between 10 and 40 slm, the discharge appears stable and uniform. The thickness profiles are
measured using the focused beam SE and the results are presented in Fig. 2 as the local
deposition rate (LDR). The zero position on the x scale of the profiles indicates the smallest
gap distance between the cylindrical electrodes.

Fig. 2 Local deposition rate profiles of static depositions with a variation in the nitrogen flow
rate of 5 to 40 slm. On the right axis the dashed line indicates the accumulative dynamic
deposition rate (DDR) value which is comparable to the growth front in the dynamic mode of the
DBD reactor.

By integrating the LDR profile over the deposition length in the electrode space the actual
growth front of a dynamically deposited film can be deduced as the dashed lines in Fig. 2. It is
clear from Fig. 2 that the shape of the LDR profiles is strongly affected by the gas flow rate. At
Q = 5 slm a spatially condensed deposition is obtained which is characterized by a very narrow
thickness profile (7 mm) relatively far away from the zero position. Moreover, the dynamic
6

deposition rate is relatively low compared to the higher gas flow rates which can be a sign of
the discharge instability for this condition. At Q = 10 slm the total width of the thickness profile
increases to approximately 12 mm whereas, the profiles with higher nitrogen flow result in a
progressive flattening and increase of the width of the thickness profile. Hence, the local
deposition rate decreases less steep after the maximum. The strong influence on the shape of
the deposition profile can be explained by the fact that the convective transport of precursor
and its fragments along the gas flow direction will be higher as the nitrogen flow increases,
while the diffusive transport towards the walls remains the same. Enhancement of the
convection over the diffusion results in a flattening of the deposition profile or, a higher gas
flow results in an overall decrease of the local deposition rate. As earlier reported by [11] two
maximums can be observed in the deposition rate profile for all nitrogen gas flows. Remarkably,
the local deposition rate of the first maximum is more or less constant, between 5-7 nms-1,
whereas the second maximum (main peak) is strongly dependent on the carrier gas flow, see
Fig. 2. The precursor flow is kept constant and as a consequence the dynamic deposition rate
(DDR) value which is defined as the product of film thickness and web transport speed is
constant and independent of carrier gas flow. Because the power density remains unvaried, the
specific energy delivered per precursor molecule (related to Yasuda parameter) is constant. For
the current experimental conditions the DDR is around 75 to 80 nm∙mm∙s-1 (for Q=10-30 slm)
and the estimated energy spent per TEOS molecule is 6.5 keV/molecule, the specifics of the
calculation can be found in [5,28]. The gradual decrease in the calculated DDR value from the
static profiles with increasing gas flow is mainly attributed to a slight increase in the gas loss
due to stronger convection, see Fig. 2.
As the presence of the hydroxyl groups disrupts the continuous -Si-O-Si-O- network structure
[29–32,42] the concentration of hydroxyls has a significant impact on the moisture barrier
quality. To estimate the variation in the local film microstructure for different carrier gas flows
spatially resolved ATR-FTIR spectroscopic analysis was performed on the profiles shown in
Fig. 2. Three representative flow rates of the carrier gas were selected for spatially resolved
ATR-FTIR analysis. In Fig. 3 the ATR-FTIR spectra of the static profiles are shown at different
positions along the gas flow direction for Q = 10, 18 and 30 slm in the region of hydroxyl stretch
between 3000-4000 cm-1.

Fig. 3 ATR-FTIR spectra of silica-like film probed at different positions, x, in the static
deposition profile in the wavenumber range of 3000-4000 cm-1 for a) Q=10 slm; b) Q=18 slm and
c) Q=30 slm. The broad peak in this wavenumber range consists of a superposition of three
peaks: 1) at 3250 cm-1 associated -OH from absorbed water in the film 2) at 3450 cm-1 attributed
to associated silanol (a-SiO-H) groups and 3) at 3650 cm-1 attributed to isolated silanol (i-SiO-H)
groups [32,43–45]. The positions (x) of the spectra represented in different colors refer to the
positions in the static profiles of Fig. 1. The gas flow direction is always fixed from left to right.

The gradual decrease in the hydroxyl stretch absorption as a function of the position indicates
a decrease in silanol density, which in turn is an indication of a decrease in the network porosity.
As can be seen in Fig. 3 the gradient in the silanol concentration is present for all the
investigated conditions. Moreover, the change in the LDR profile with the gas flow rate goes
along with a redistribution of the silanol concentration in the thickness profile. The absorbance
7

spectra of SiO2 film deposited at 10 slm of nitrogen shows the highest silanol concentration
([OH]) at the position of the maximum value of the LDR. Notable is that the silanol
concentration at the position of the first maximum (with LDR = 5-7 nms-1) is more or less
independent of the carrier gas flow rate.
The hydroxyl stretch region, in the 4000 – 3000 cm-1 range, is known to include three peaks.
An isolated silanol peak at 3650 cm-1, an associated silanol peak at 3450 cm-1 and the H-OH
stretch peak attributed to interaction with adsorbed water on the sample at 3250 cm -1 [32,43–
45]. The spectra depicted in Fig. 3 were deconvoluted according to these peak positions, see
Fig. 4.

Fig. 4 Deconvolution of the ATR-FTIR absorption spectra shown in Fig. 2: a) Q=10 slm ; b) Q=18
slm and c) Q=30 slm of nitrogen. The graph on the left side shows the absorbance as a function of
the position (x) in the static profile in the reactor; on the right side the absorbance is shown as a
function of the relative film thickness of the samples if projected as a deposition in the dynamic
mode with a line speed of 60 mm∙min-1.

In Fig. 4 the absorbance of each individual hydroxyl stretch is portrayed as a function of the
relative thickness (of about 80 nm) in the barrier layer if projected as a deposition in the dynamic
mode with a line speed of 60 mm∙min-1. From Fig. 4 a clear gradient in the hydroxyl group
distribution in the vertical direction (from the bottom to the top of the film) can be observed for
the different gas flow rates. An exception is the static profile deposited at Q=10 slm see Fig.
4(a) where the hydroxyl concentration ([OH]) is the highest at the maximum LDR. Here, the
8

deviation in the drop of the [OH] at the positions of -5 and -3 mm can be related to a significant
difference in the LDR. It should be realized that the density difference between the top and the
bottom of the silica film is always the same for a given deposition condition, and the gradient
in the [OH] in the film will be controlled by the line speed or the film thickness (z), according
to d[OH]/dz.
As the practical objective of the work is to improve the moisture barrier properties, the aim is
to synthesize films with the lowest possible silanol content, which can be achieved by tuning
the carrier gas flow rate. The approach is to correlate the local silanol concentration for different
gas flow rates with dynamically deposited films assuming a film thickness of 80 nm. The
gradient silanol concentration of the films in the dynamic mode is reconstructed based on the
static profiles, see Fig. 4. Although the transition in the film properties will not be discrete the
film synthesized with a flow rate of 10 slm results in a thick porous layer of around 55 nm and
a thinner and denser top layer of ~25 nm. The local silanol profile for a gas flow rate of 18 slm
is characterized by the most gradual transition from a porous layer to around 20-25 nm of a
dense top-layer. Further increase of the gas flow rate to 30 slm leads to a thinner porous bottom
layer and a thicker about 50 nm dense top layer. Hence, it can be assumed that based on the
spatially resolved ATR-FTIR analysis of the microstructure the films deposited at a gas flow
rate of 30 slm and higher will have the best moisture barrier properties due to the reduced
porosity in the integrated film profile. It is worthwhile to mention that the specific energy
delivered per precursor molecule is kept constant and only the convective transport of fragments
within the discharge is increased due to higher carrier gas flow.
3.2 Dynamically deposited films
The silica like layers with a thickness of 75±3 nm are deposited in a single step and the effective
WVTR is measured as a function of the carrier gas flow rate as shown in Fig. 6. The best
performing moisture barrier layer is obtained for Q =18 slm while at a gas flow rate of 10 and
30 slm the moisture barrier performance is worse. However, based on the trend in the intrinsic
porosity the best performing moisture barrier layers should be obtained at Q = 30 slm and
higher, see Fig. 4(a,c). As the Mocon apparatus characterizes the effective WVTR, the type of
permeation channels determining the moisture barrier performance is not taken into account,
i.e. intrinsic porosity, nano defects or large pinholes defects [5,18,22–24,27,40,41,46], and thus
the origin of the decrease in the effective barrier performance may be different. In order to
determine whether pinholes are responsible for the degraded moisture barrier performance the
solvent vapor penetration test analysis is performed on the 80 nm single barrier films. The result
of the pinhole defect analysis is shown in Fig. 5.

Fig. 5 IM micrographs of blisters developed due to solvent vapor exposure of dynamically
deposited layers for single layers with varying gas flow rates of 5-40 slm. The image size is 5x5
mm2.

The IM micrographs depict a very clear presence of blisters for different gas flow rates. The
highest density of defects is observed at Q = 5 slm which can be attributed to the discharge
instability and consequently high degree of filamentation. A low defect density is observed in
the case of Q = 10 slm when a relatively thick porous interface layer is formed and the moisture
permeation is dominantly controlled by the network porosity. At Q = 18 and 25 slm the WVTR
9

gradually improves due to the decrease in the [OH] and thus decrease in the network porosity
while the defect density remains low. Remarkably at Q = 30 and 40 slm the defect density
increases 2 orders of magnitude which is also reflected in a gradual increase in the effective
WVTR. The number of blisters are quantified and plotted in Fig. 6.
To further investigate the role of the defect formation mechanism at higher gas flows the bilayer
architecture is investigated [5,39]. A porous so-called buffer layer is first deposited on the PEN
substrate followed by a barrier layer deposited at different carrier gas flow rate Q = 5 to 40 slm.
The total thickness of the bilayer is 82±4 nm consisting of approximately 40 nm of buffer layer
and 40 nm of dense barrier layer. It should be mentioned here that in this study the thickness of
the buffer and barrier layer are not optimized.

Fig. 6 Effective WVTR (black line) and corresponding defect density (red line) with respect to
the nitrogen gas flow rate of single layers. The WVTR of bare PEN foil is indicated as a solid
green line.

Fig. 7 Effective WVTR (black line) and corresponding defect density (red line) with respect to
the nitrogen gas flow rate for the bilayer film architecture. The WVTR of bare PEN foil is
indicated as a solid green line. The WVTR of the buffer layer is indicated as a blue line.

The effective WVTR of the bilayer film architecture is shown in Fig. 7. By increasing the carrier
gas flow up to 30 slm a WVTR = 2 · 10-3 g·m-2·day-1 can be achieved for an effective barrier
thickness of only 40 nm as the buffer layer is essentially characterized by a non-existent
moisture barrier with a WVTR = 1 g·m-2·day-1 [39]. Moreover, the density of pinhole defects
in the bilayer is independent of the gas flow rate, see Fig. 7. The porous interface layer is
therefore extremely important for the final quality of the moisture barrier and cannot be
neglected. In general, it can be concluded that the moisture permeation at low gas flows is
10

governed by a poor Si-O-Si network structure, see Fig. 4. At higher gas flow rates the Si-O-Si
network becomes more crosslinked (having much lower [OH]). The effective WVTR is most
probably limited to 2 · 10-3 g·m-2·day-1, due to the presence of a low density of pinhole defects
whereas the residual porosity is further decreased. These pinhole defects can origin from the
polymer surface and the buffer layer deposition process. From the polymer surface it can be
induced by surface flaws (scratches, particles, pinholes, etc). Notable is that the defect density
appears to be constant and the varying gas flow rates used for the barrier layer do not affect the
density of pinhole defects, see Fig. 7. Based on the pinhole calculation model of A.S. da Silva
Sobrinho et al. [47] the pinhole size is estimated to be > 20 𝜇𝑚 in the bilayer architecture
assuming pinhole controlled moisture permeation.
In the single barrier layer case at higher gas flow rates a particularly strong increase in the defect
density is observed at Q = 30 and 40 slm. The increase in density of small (~1 micron) pinhole
defects [28] must be the main reason for the gradual deterioration of the WVTR values for Q >
25 slm.
In the previous work of [11] it was concluded that the intrinsic buffer layer (acting as a stress
relaxation layer) plays a significant factor in the integrity of the layer by forming a transition
layer between the low density PEN substrate and the dense SiO2 film. Alternatively, it cannot
be excluded that during the initial phase of the film growth there is a competition between
deposition and etching of the substrate by non-depositing radicals produced in the plasma. If
the foil transport direction opposes the gas flow direction a reverse density gradient within the
layer will be formed. As a result the first dense part of the layer facing the polymer support will
have a very poor adhesion [11]. Interestingly enough by depositing a buffer layer prior to the
deposition of a dense barrier layer solves the problem and the barrier film adhesion is
independent of the foil transport direction and gas flow direction.

Fig. 8 Comparison of the WVTR for the gas flow rate of 30 slm to the reference gas flow rate of
18 slm for 3 types of layers (sets of bars). The first set of bars the single 40 nm thick films
deposited at a web speed of 110 mm.min-1; the second set of bars the single 80 nm thick films
deposited at 60 mm.min-1 and the third set of bars with the bilayers consisting of 40 nm buffer
layer with 40 nm barrier layer, deposited at 110 mm.min-1.

Considering the arguments above for the single layer the mechanism of permeation is highly
dependent on the gas flow variation. A first regime is characterized by a porosity controlled
permeation at Q=10 slm (with a pore size of <1 nm). In a second regime from Q=15-25 slm
the barrier is defect controlled by a low density of presumably substrate defects with a pore size
of >20 𝜇𝑚 and a third regime at Q=30 slm and higher, the layer is controlled by process induced
pinholes (size 0.5~1 𝜇𝑚). The possibility to increase the throughput of the process becomes
evident and can be enhanced by adjusting the carrier gas flow to synthesize a silica layer with
11

the desired vertical silanol profile gradient. For comparison the moisture barrier properties of a
40 nm single layers for Q =18 and 30 slm are assessed in Fig. 8. The 40 nm single layers
deposited at 110 mmm-1 have a worse barrier performance. This is confirmed by the abundance
of pinhole defects for barriers deposited with increased flow rates, see Fig. 6. Hence, an increase
in the throughput by almost a factor of 2 becomes evident for the bilayer in Fig. 8. Therefore,
the scaling of the AP-PECVD reactor throughput for the processing of moisture barrier films
strongly depends on the non-uniform deposition rate profile along the gas flow. The specific
energy per precursor molecule should always be related to the convective transport of the
depositing species in order to connect the specific energy per precursor molecule to the
functional (i.e. moisture barrier) film properties [48,49].
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4. Conclusions
From the spatially resolved ATR-FTIR a non-uniform deposition rate profile with a gradient in
the chemical composition is observed for different carrier gas flows with a decrease in the
silanol content for increasing carrier gas flow rates. This finding makes control of a vertical
density gradient in the film properties via carrier gas flow rate variation possible while keeping
the energy cost of the process constant. Although the overall silanol concentration continuously
decreases with the gas flow the best performing single layer barrier film is observed for a carrier
gas flow of 18 slm. However, the increased gas flow rates carries the penalty of a decreased
local deposition rate which leads to undesired effects like etching and the formation of defects.
Therefore, three types of permeation causes were identified. The effective WVTR is controlled
by the intrinsic porosity for low carrier gas flows, by a low density of large pinhole defects
presumably from the substrate for gas flows up to 25 slm and for gas flows of 30 slm and higher
the permeation is mainly controlled by process induced pinholes. Thus, a porous interface layer
is essential for the deposition of a good barrier film. By adopting a bilayer architecture in order
to exclude detrimental plasma polymer interactions it is shown that the carrier gas flow rate can
control the gradient film structure and overall barrier permeation properties by controlling
intrinsic porosity and formation of the pinholes.
The scaling of the moisture barrier film throughput can be achieved by adjusting the nonuniform deposition rate profile by controlling the gas flow rate. These conclusions can have
large impact on the industrial roll-to-roll production of functional SiO2 thin films. Not only can
AP-PECVD be used as an effective production method without the need for large low pressure
set-ups, but by tuning the gas flow rate the throughput can be almost doubled while the same
moisture barrier properties can be obtained. As a result a reference WVTR of 2 · 10-3 g·m-2·day1
is achieved for half the thickness of a non-optimized film by increasing the gas flow rate.
The findings of this study will be relevant for DBD reactors of similar type with the gas and
precursor injection parallel to the electrodes, particularly in the case of full depletion of the
precursor in the reactor.
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